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ABSTRACT

This report covers work carried out with the support of the Rome Air Development Center
during the period 1 October 1984 through 30 September 1985.

The frequency response of an optical guided-wave GaAs interferometer has been mea-
sured. The bandwidth of the interferometer biased at a null point was 2.2 GHz, limited by
parasitics. A small-signal bandwidth of = 3 GHz can be inferred from this measurement
for the case where the interferometer is biased to a linear operating point. This is the
highest bandwidth yet reported for a guided-wave GaAs modulator.

A surface-emitting GalnAsP/InP laser has been developed in which a monolithically inte-
grated parabolic mirror is used to up-deflect the output of a buried-heterostructure laser.
A threshold current as low as 12 mA and a differential quantum efficiency as high as
46 percent have been obtained.

GalnAsP/InP distributed feedback lasers have been fabricated with a simple new design in
which the grating is etched into the top of a mass-transported buried heterostructure.
Single-frequency operation with side modes lower than -32 dB and threshold currents as
low as 16 mA has been achieved.

Single-mode InP p*-n—-n* slab-coupled rib waveguides capable of phase modulating,
TE-polarized, 1.3-um radiation have been fabricated. These guides should prove useful in
the fabrication of two-guide coupler switches and interferometric modulators.
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ELECTROOPTICAL DEVICES

I. FREQUENCY RESPONSE OF A GaAs GUIDE-WAVE ELECTROOPTIC
INTERFEROMETER MODULATOR

We have recently reported a GaAs guided-wave electrooptic interferometric modulator. !
These devices have the potential of being integrated with lasers for both high-speed analog and
digital modulation. In this section, the frequency response of these interferometers is reported.

As shown in Figure I-1, the interferometer structure consists of a three-guide coupler2-4 input
section, the two active arms of the interferometer, and a three-guide coupler output section. The
three-guide couplers consist of three closely spaced single-mode n-—n* slab-coupled waveguides,’
while the two active arms are single-mode p*-n-n* slab-coupled waveguides.® The input three-
guide coupler acts as a power divider. Power input into the center guide is divided equally
between the two outside guides in a coupling length, L. The output three-guide coupler acts as a
power combiner. For power input into the two outside guides, the in-phase components of the
two inputs are combined in the center guide in a length, L, while the out-of-phase components
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Figure I-1.  Schematic illustration of GaAs electrooptic interferometric modulator.




remain in the outside guide. The effective index in the active arms may be changed via the elec-
trooptic effect by changing the bias on the p-n junctions. The phase of the output of either or
both arms of the interferometer may therefore be changed, resulting in modulation of the signal
out of the center guide of the output three-guide coupler.

The actual interferometers were fabricated on a GaAs wafer consisting of an unintentionally
doped n—-epilayer (n < 5 X 10!5 cm-3) grown on an n*-substrate (n =~ 2 X 10!8 cm-3) oriented 5°
off the {100}. A multi-energy Be implant? was used to form the p*-region. Following implanta-
tion annealing, the rib-waveguide interferometer structure was etched using a Ti-etch mask. An
SiO; layer was then deposited and ohmic contacts applied to the p*-ribs and the back of the
n*-substrate. In these experiments, the length of the output three-guide coupler was determined
by cleaving instead of photolithographically so that the output of all three guides could be
observed. Additional information on the fabrication procedure can be found in Reference 1.

To test the interferometer, radiation from a single-mode GalnAsP/InP double-heterojunction
laser operating at 1.3 um was end-fired coupled into the center guide of the input three-guide
coupler. The electric field of the input light was polarized parallel to the plane of the slab.

The output of a recently fabricated interferometer with 2-mm-long active arms biased for
maximum and minimum output in the center guide is shown in Figures I-2(a) and (b), respec-
tively. The output is more symmetric and the extinction ratio is higher than obtained on initial
devices.! Maximum output in the center guide is not obtained with the same bias (typically zero)
on both arms because of a built-in optical phase difference (of about 25°) between the two arms.
The output three-guide coupler is slightly shorter than a coupling length, resulting in a small

(a) (b)

Figure I-2.  Scannea output of interferometer: (a) biased for a maximum output in the center guide,
and (b) biased for a minimum output in the center guide.
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amount of power remaining in the outside guides when the interferometer is biased for maximum
output in the center guides. When biased for minimum output in the center guide, about 1.5 per-
cent of the power remained in the center guide for an extinction ratio of = 18 dB.

Swept-frequency measurements® were used to determine the frequency response of the above
interferometer. For these measurements, the interferometer was biased by means of a bias “T” to
a V, point, i.e., a point at which there is a minimum in the output of the center guide, and a
swept high-frequency signal modulated by a 2-kHz square wave was applied to one arm of the
interferometer. The output of the center guide was detected by a photodiode and a lock-in ampli-
fier reference to the 2-kHz square wave used to obtain a high signal-to-noise ratio output signal.
The frequency response obtained from these measurements corresponds to the electrical response
of the interferometer electrode structure. As shown in Figure I-3, the measured 3-dB electrical
bandwidth of the interferometer (point A) is = 2.2 GHz. Because the transfer function of the
interferometer with applied bias is nonlinear, the electrical-to-optical small-signal response
depends on the bias point. If the interferometer is biased to operate in the linear optical range,
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Figure I-3. Frequency response of interferometers obtained from swepi-frequency measurements: (O) optical
response obtained with interferometer biased at a V point; (A) square root of above when biased at a linear
optical response point V,_|2. The electrical bandwidth of the interferometer electrode structure is =~2.2 GHz
(point A), which ranslates into a linear optical bandwidth of =3.0 GHz (point B).




i.e., a V_/2 point, the optical response is equal to the square root of that obtained from the
swept-frequency measurements at a V_ point. The square root of the electrical response is there-
fore also plotted in Figure I-3 and indicates a linear optical bandwidth (point B) of 3.0 GHz.

The bandwidth of these interferometers is currently limited by parasitics. The major limiting
parasitic is the resistance of the long narrow metal contacts on top of the p*-ribs. The end-to-end
resistance of the metallization on the device measured is = 60 (). This high resistance means that
the active arm electrode must be treated as a lossy transmission line or distributed RC circuit. In
addition, the bonding pads, which run out over the SiO, insulating layer, add a parasitic capaci-
tance of = 0.25 pF. It should be possible to significantly reduce both of these parameters by
modifications in the fabrication procedures so that the linear optical bandwidth of an interfer-
ometer with 2-mm-long active arms should increase toward the calculated maximum in a 50-()
system, namely = 12 GHz, here transit time limitations also become important.

J.P. Donnelly G.A. Ferrante
N.L. DeMeo K.B. Nichols
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II. A SURFACE-EMITTING GalnAsP/InP LASER WITH LOW
THRESHOLD CURRENT AND HIGH EFFICIENCY

Surface-emitting diode lasers are of considerable interest for a variety of new applications
such as monolithic two-dimensional arrays and optical interconnects for integrated circuits. How-
ever, results reported to date%10 have had a variety of difficulties. In this work, a new approach
is introduced that has resulted in a surface-emitting GalnAsP/InP laser with performance com-
parable to the best of the conventional edge-emitting ones.

As illustrated in Figure II-1, the surface emission is achieved by adding a 45° mirror to a
previously developed buried-heterostructure laser with “transported” mirrors.!! As shown in Fig-
ure II-2, the 45° mirror is fabricated at the same time as the transported mirror by partially
removing the phosphosilicate glass (PSG) mask during the selective chemical etching procedure!!

hy

Au/Zn CONTACT

GalnAsP
ACTIVE REGION

Au/Sn CONTACT

N
45° MIRROR™ -

(Au-coating not shown) ~ =

Figure 1I-1. A schematic cutaway view of the surface-emitting GalnAsP/InP laser. The surface emission is
achieved by adding a 45° mirror to a previously developed buried-heterostructure laser with transported
mirrors.
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Figure 11-2.  Simultaneous fabrication of the 45° (parabolic)
and the transported mirrors. The dotted curve is a parabola
with its focus at point F.
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such that a stair-structure is formed and subsequently mass-transported. By designing the stair-
structure such that regions I, II, 111, and 1V in Figure 1I-2(c) have equal areas, the resulting mir-
ror profile can approximate a portion of a parabola and can therefore reduce the laser beam di-
vergence. It can be verified directly by integration that the equal-area requirement is fulfilled to
within a few percent by choosing

8 8
=2+ — — €2
1= ( 36 96)0

4 32 64
th-Q- — €- = €2 -—€
2 - ( 3 € 96 9 ) o

and
2+ 2 €+ 4 €2)
s = - - s
3°7 79 ‘

where t, ty, s, 0, and a are defined in Figure II-2 and € = o/2a. [The parabola shown as a
dotted curve in Figure 11-2(c) can be expressed as y = x3/2a.] To fully collect the diverging laser
output and to achieve a narrow diffraction-limited beam, larger parabolic mirrors are desired but
necessitate higher mass-transport temperatures. For example, 715°C was needed to fully smooth
the parabolic mirror in Wafer 685 with t; = 2.7 um, ty = 2.2 um, and s = 2.5 um. Figure II-3
shows a scanning-electron micrograph of a cross-sectional view of an approximately parabolic
mirror and a transported mirror (cf. Figure 1I-2(c)].

Figure 1I-3. SEM photograph of an approximately parabolic mirror (left)
and a transported mirror (right).




The wafer is then metallized by using the previously described procedure,!!,12 except that,
instead of sputtering, the Ti and Au layers are deposited by using angle evaporations in order to
avoid coating the front laser mirror (the one facing the parabolic mirror). Note that the laser
resonator as shown in Figure II-1 consists of two transported mirrors; no cleaved mirror is used.
After metallization, the rear mirror is coated by PSG/Au layers, while the front one is only
covered by the PSG of an estimated 0.17 um thickness.

Surface-emitting lasers with low threshold current and high efficiency have been obtained
with good yield. For example, 70 percent of the 26 devices tested (without preselection) from
Wafer 685 showed pulsed threshold currents of 12 to 18 mA. Figure II-4 shows a CW light-
current characteristic with a threshold current of 12 mA and an initial differential quantum effi-
ciency of 46 percent. A typical far-field pattern is shown in Figure II-5, in which a narrow beam

LPE 685, A-69 No. 3
L=153 um

3
E
<
w
s
o
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- DIIIIDIIDDD,
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| | 1

20 30 40

CURRENT (mA)

Figure 11-4. Light output vs current characteristic of a surface-emitting
GalnAsP/InP laser. The laser is mounted p-side up on a copper heat sink as
shown in the insert.
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Figure II-5. Far-field pattern of a surface-emitting GalnAsP/InP laser.

(15° angular width for the main lobe) nearly perpendicular to the substrate surface is demon-
strated. Other tested devices show angular widths as small as 12°, which is considerably narrower
than the corresponding far-field patterns (typically 2230°) of the conventional edge-emitting
lasers!3-17 and is close to the diffraction-limited angular width estimated from the present para-
bolic mirror size.

In conclusion, a high-performance surface-emitting GalnAsP/InP diode laser has been devel-
oped which is very promising for a variety of new applications in integrated optoelectronics.

Z.L. Liau
J.N. Walpole
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III. A NOVEL GalnAsP/InP DISTRIBUTED FEEDBACK LASER

In recent years considerable effort has been devoted to the development of GalnAsP/InP
distributed feedback (DFB) lasers for use as stable single-frequency sources in fiber optic
communications.18-23 In this work we describe a novel device design which offers high perfor-
mance and considerable fabrication simplicity.

As illustrated in Figure III-1, the device consists of a mass-transported buried heterostruc-
ture12.24 with a thin p-InP cap layer and a wide mesa on which a grating corrugation is etched in
the middle, with Au/Zn alloyed contacts formed on each side. Sufficient coupling between the
guided mode and the grating corrugation occurs if the InP cap layer is approximately 1-um
thick. The first-order grating corrugation with a periodicity of 2028 A and tooth height of
approximately 2500 A is formed by using contact x-ray lithography2?3 (with a holographically
generated mask pattern) and ion-beam-assisted etching using chlorine gas.26 The wafer is then
coated with a phosphosilicate glass (PSG) layer 0.4-um thick (not shown in Figure 1II-1, and a
pair of stripe openings are defined in the PSG on top of the laser mesa for Au/Zn alloyed con-
tacts. The rest of the metallization and dicing procedures are similar to those described pre-
viously.!2 Each finished device has a cleaved front facet where the output power is measured; the
rear is either cleaved or saw-cut.

UNPUMPED SECTION

ACTIVE REGION n-inP

SUBSTRATE
CLEAVED MIRROR
Au/Sn CONTACT

Figure Ill-1. A schematic drawing of the GalnAsP/InP distributed feedback laser.
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Devices fabricated with a relatively long cavity (546 and 241 um for pumped and unpumped
sections, respectively) and saw-cut end show room-temperature pulsed threshold currents as low
as 16 mA. Figure I1I-2(a) and (b) shows CW emission spectra of a device just above its lasing
threshold. As evident in Figure 11I-2(a), the dominant lasing mode with a wavelength of
1.3098 um is located on the shorter-wavelength side of the apparent spontaneous emission spec-
trum. This is a strong indication that the device is lasing in a DFB mode, since the Fabry-Perot

8 T T T T T
= (a) .
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6 - 20°C ]
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4 WAVELENGTH RANGE -1
OF CORRESPONDING
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fe———]

2+ -
| )
=
=]
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Figure 111-2.  Emission spectra of one device just above lasing threshold at (a) 20°C
and (b) 10.6°C. In (a) lasing modes are shown located on shorter-wavelength side of
apparent spontaneous emission spectrum. Expanded wavelength scale in (b) shows
more details of lasing spectrum.
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modes should be located on the other side of the spontaneous spectrum where the gain maximum
occurs. Indeed, Fabry-Perot mode operation at wavelengths of 1.33 to 1.34 um was observed in
shorter devices cleaved from the same wafer but without the unpumped section and saw-cut end.
(Since the present DFB resonance wavelength is approximately 260 A away from the gain maxi-
mum, the Fabry-Perot mode can have a lower threshold current in devices without the
unpumped section and saw-cut end.) Figure I1I-2(b) shows a similar spectrum at 10.6°C and on
different scales. Note that the threshold current drops to 31 mA. The series of peaks are likely
the DFB modes, with the dominant one just outside the stop band.!&19

At higher currents the dominant mode continues to grow, and the other DFB modes are at
-37 dB when the current is 60 mA (which is approximately 1.54 times the threshold current I;),
as shown in Figure I11-3. However, a pair of modes of unknown origin with a -32-dB intensity
are observed at 50 A of the dominant DFB mode, as evident in Figure III-3.

Shorter devices with smaller unpumped sections and both ends cleaved show room-
temperature CW threshold currents as low as 13.5 mA but with more complicated mode behav-
iors. A device with pumped and unpumped sections of 318 and 152 um, respectively, showed a
CW threshold current of 16 mA at room temperature and single-frequency operation (with side
modes estimated at -30 dB) up to at least 2.5 I;;, (with an output power of 2.8 mW), but with a
mode hop from A = 1.3054 to 1.3092 um at 1.6 I;,. Other devices with little or no unpumped sec-
tions lase in Fabry-Perot modes in the spectral region of 1.33 to 1.34 um, but still show consid-
erably better mode purity than similar devices fabricated without the grating. (The latter also lase
at wavelengths of 1.33 to 1.34 um.)

It is worth noting that the present device is considerably simpler than more conventional
DFB lasers!8-23 in terms of the waveguide and current-confinement structures and fabrication
procedures. In particular, the grating is fabricated after the wafer growth is completed. This not
only avoids the problems associated with growth over the grating,28.29 but also allows the wafer
to be more thoroughly characterized before the grating is fabricated.

One potential problem of the present device is a possible leakage current I flowing through
the InP pn homojunctions in the transported regions.24 (The homojunctions are illustrated as
dashed-line segments in Figure 111-1.) This current leakage has been analyzed previously for other
mass-transported buried-heterostructure lasers and has been shown to be capable of causing a
saturation of light output at high current.24 A similar analysis has been carried out for the
present structure,* in which the current lg flowing from the Au/Zn contacts to the quaternary
active region and the corresponding voltage distribution are modeled by using a conformal map-
ping technique, as illustrated in Figure 111-4. This analysis yields the forward-bias voltage along
the homojunctions, which can in turn be used to estimate ly. For small values of IQ the calcu-
lated Iy is negligible, but its importance grows with increasing lg. The value of 1o when Iy = 0.1

* The present calculation is somewhat different from that in Reference 24 because of the device
geometry and the relative importance of the electron drift current.
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Figure 111-3.  Emission spectra of device at 20.6°C and two different currents above
threshold. Note that, at 1=1.54 1,, sidemodes are lower than -32 dB.
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p=1X10'8¢cm-3 1um
PUMPED SECTION =300 um e Zn-DIFFUSED REGION

CURRENT =50 mA
Au/Zn CONTACT

S

ACTIVE REGION

V=0.0V IN n-inP BUFFER LAYER

Figure I11I-4. Calculated current and voliage distributions near active region in present structure. Dashed
curves are streamlines of current flowing into active region. Solid curves are equipotentials, with numbers
labeling voliage values in volls.

lg is designated as 1} and has been calculated for various device parameters; e.g., I} = 74 mA is
obtained for the device of Figure 111-4. I can be increased considerably by using a higher
p-doping, narrower transported regions, a closer alignment of the Zn-diffused p* regions to the
quaternary, or a larger pumped-section length. It is worth noting that, if the device were fabri-
cated with an n-type mesa on a p-type substrate, there would be negligible voltage buildup due to
high conductivity of n-type InP. However, the p-doping on the substrate side would need optimi-
zation in order to enable very high current operation.

In conclusion, a GalnAsP/InP DFB laser has been realized in a simple new design in which
the grating is fabricated on top of a mass-transported buried heterostructure. Threshold currents
as low as 16 mA have been obtained, and still lower threshold current can possibly be achieved
when the DFB resonance wavelength and the gain maximum are better matched. Further optimi-
zation of the doping scheme, the transported region width, and ohmic contact alignment is
needed for high-power capability.

Z.L. Liau N.L. DeMeo
D.C. Flanders D.K. Astolfi
J.N. Walpole
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IV. SINGLE-MODE InP OPTICAL WAVEGUIDE
CAPABLE OF PHASE MODULATION

Single-mode optical waveguides in which the effective index can be modulated via the elec-
trooptic effect are necessary components of integrated-optic switches and modulators. In this sec-
tion an InP single-mode p*-n—-n* slab-coupled rib waveguide capable of phase modulating
TE-polarized 1.3-um radiation is described. It should be possible to fabricate two-guide coupler
switches30:3! and interferometric modulators32:33 in InP using guides of this type.

A schematic cross section of a single-mode p*-n—-n* InP slab-coupled rib waveguide is shown
in Figure 1V-1. The InP wafer used to fabricate these waveguides consisted of a (100)-oriented
n*-substrate and a 5.5-um-thick n-type layer with a carrier concentration of = 2 X 1016 ¢m-3
grown by liquid phase epitaxy. To form the p* ribs, the wafer was implanted with a multi-energy
Be-implanted schedule and annealed at 750°C, which produced a 1.5-um-deep p* layer with a
uniform carrier concentration of = 2 X 10!8 cm-3 (Reference 34). Rib waveguides approximately
5 um wide were then formed by etching through the p* implanted layer into the epitaxial layer to
a total depth of about 2 um. The waveguides were oriented for propagation along a (011) direc-
tion. An SiO, layer was deposited on top of the wafer and Au/Mg and Au/Sn ohmic contacts
were applied to the p* ribs and the back of the n* substrate, respectively. The input and output

(100) SURFACE

Be-IMPLANTED
Si0,

Figure IV-1. Schematic of single-mode p*-n-n* InP slab-coupled
rib waveguide.
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faces of the waveguide were then cleaved. These p*-n~n* InP waveguides are similar to the GaAs
waveguides recently used in a high-frequency interferometer.32:33 While the propagation loss of
these guides was not measured in detail, a comparison of their transmitted power with that of
guides of similar dimensions with known loss coefficients indicates that the loss per unit length is
of the order of 1.5 to 2.0 cm! at 1.3 um.

To determine the modulation characteristics of these waveguides, radiation from a single-
mode GalnAsP/InP double-heterojunction laser operating at 1.3 um was passed through a polar-
izer and end-fired coupled into the cleaved end face of one of the waveguides. The input radia-
tion was polarized (nominally at 45° to the perpendicular) so that approximately an equal
amount of TE- and TM-like radiation was excited in the guide. The output of the waveguide was
passed through an analyzer and focused on a Ge photodiode.

Figure 1V-2 shows the relative outputs of a 5-mm-long waveguide vs reverse bias on the p*-n
junction with the analyzer either parallel or perpendicular to the input polarization. Both curves
approximate an offset cosine function of applied voltage. The maximum output with the analyzer
parallel to the input polarization (minimum output with the analyzer perpendicular to the input
polarization) does not occur at zero bias, because at low fields the velocity of the TE-like mode
is slightly slower than that of the TM-like mode. Reverse biasing the p*-n junction decreases the

am - I* I 1 ] T I T I T

N I ANALYZER 1 ANALYZER i

| / / I

8

RELATIVE OUTPUT
8

REVERSE VOLTAGE (V)

Figure IV-2. Relative output vs reverse bias of 5-mm-long p*-n-n* InP slab-coupled rib waveguide
with approximately equal amounts of TE- and TM-like radiation excited at input and an output analyzer
parallel and perpendicular 1o input polarization.
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refractive index in the plane of the junction [i.e., the (011) direction], but leaves the index per-
pendicular to the plane of the junction [i.e., the (100) direction] unaffected.3536 Therefore, the
velocity of the TE-like mode increases with reverse bias, while that of the TM-like mode is, at
least to first order, not affected. This results in a change in phase of the TE-like mode relative to
that of the TM-like mode at the output face, and produces the observed variation in relative
output. The extinction ratio is about 16.5 dB. This relatively low value was obtained primarily
because the amounts of TE- and TM-like radiation in the guide were not exactly equal. Extinc-
tion ratios in couplers and interferometers where only the TE-like radiation is excited should be
considerably higher.

A voltage difference of about 25 V is required to produce a 7 phase shift in the TE-like
mode, i.e., to go from a maximum to a minimum in the relative output of either curve shown in
Figure 1V-2. Using simple approximations for both the electric field shape in the p-n junction
and the field shape of the TE-like optical mode, a rough estimate of = 1.5X 10-!0 cm/V for the
electrooptic coefficient n4; was obtained from the measured voltage difference. This value is in
reasonable agreement with the n4, value of 1.3 X 1010 ¢cm/V reported for InP at 1.35 um by
Tada and Suzuki.3’

J.P. Donnelly F.J. O’Donnell
N.L. DeMeo S.H. Groves
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A High-Frequency GaAs Optical Guided-Wave Electrooptic
Interferometric Modulator

J. P. DONNELLY, N. L. DEMEO, G. A. FERRANTE, anD K. B. NICHOLS

Abstract—The characteristics and frequency response of a GaAs
monolithic guided-wave interferometric modulator operating at 1.3 um
are presented. The interferometer consists of three-guide coupler input
and output sections and single-mode p‘-n~-n* slab-<coupled rib-wave-
guide active arms. The measured electrical bandwidth of an interfer-
ometer with 2 mm long active arms was 2.2 GHz and limited by para-
sitics. This corresponds to a small signal optical bandwidth of ~ 3.0
GHz when the interferometer is biased in a linear portion of the optical
output versus voltage characteristics. Reduction of parasitics should
result in a substantial increase in the bandwidth of these devices.

E have recently reported a monolithic guided-wave

GaAs inteferometer [1] capable of modulation via the
electrooptic effect. Interferometers of this type have the po-
tential of being integrated with lasers for both high-speed ana-
log and digital modulation. In this paper, additional results on
these interferometers including frequency-response measure-
ments are reported. The measured bandwidth of these devices,
as far as we have been able to determine, is the highest so far
achieved on any semiconductor guided-wave modulator.

As shown in Fig. 1, the interferometer structure consists of
a three-guide coupler [2]-[8] input section, the two active
arms of the interferometer and a three-guide coupler output
section. The three-guide couplers consist of three closely
spaced single-mode n~-n* slab-coupled waveguides [5], while
the two active arms are single-mode p*-n"-n* slab-coupled
waveguides [6]. The input three-guide coupler acts as a power
divider. Power input into the center guide is divided equally
between the two outside guides in a coupling length L.. The
output three-guide coupler acts as a power combiner. For
power input into the two outside guides, the in-phase compo-
nents of the two inputs are combined in the center guide in
a length L., while the out-of-phase components remain in the
outside guide. The effective index in the active arms may be
changed via the electrooptic effect by changing the bias on
the p-n junctions. The phase of the output of either or both
arms of the interferometer may therefore be changed, result-
ing in modulation of the signal out of the center guide of the
output three-guide coupler.

The actual interferometers were fabricated on a GaAs wafer
consisting of a 4.2 um thick unintentionally doped n”-epilayer
(n<5X 10" cm™) grown on an n*-substrate (n =2 X 10'®
cm™?) oriented 5° off the {100}. Following a selective multi-
energy Be ion implantation and postimplantation anneal to
form 2 mm long p*-regions [7], the rib-waveguide interferom-
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work was supported by the Department of the Air Force.
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Fig. 1. Schematic illustration of the GaAs electrooptic interferometric
modulator.

eter structure was etched with the waveguides in a (011) direc-
tion. An SiO, layer was then deposited, ohmic contacts ap-
plied, and the input and output faces of the interferometer
cleaved. For these experiments, the length of the output
three-guide coupler was determined by cleaving, instead of
photolithographically, so that the output of all three guides
could be observed. Additional information on the fabrication
can be found in [1].

The cleaved end face of a three-guide coupler is shown in
Fig. 2. The guide width and spacings are about 5 and 4 um,
respectively. The etch depth is ~1.5 um. The end face was
stained so that the n™-n* interface could be seen. For these
dimensions, the coupling length L, is 3.2 mm [4]. Length
of couplers not exactly equal to a coupling length will result
in incomplete coupling and, therefore, power loss. It should
be possible using photolithographic techniques to control
coupling lengths to 10-15 percent, resulting in power losses
due to coupling length variations of less than 6 percent.

Two top views of the active arms of the interferometer are
shown in Fig. 3. The top photomicrograph shows the two
waveguide arms where the contact metalization on the p*-
regions begins. The spacing between the two arms of the inter-
ferometer is sufficiently large so that coupling between them
can be neglected. The bottom photomicrograph shows a con-
tact bonding pad which runs out over the SiO, insulating
layer. For practical considerations, the bonding pads for the
top and bottom electrodes are offset and, therefore, are not
in the center of the active arms. The arms of another inter-
ferometer can be seen below the contact pad. The reverse

0018-9197/85/0100-0018501.00 © 1985 IEEE
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Fig. 2. Cleaved end face of three-guide coupler section. The face has
been stained so the n™-n* interface could be observed.

WAVEGUIDE ——» ~=—— CONTACT

METALIZATION

Fig. 3. Top view of p*-n~-n* active arms of interferometer. Top: photo-
micrograph showing portion where metalization on p*-ribs begins.
Bottom: photomicrograph showing bonding pad which runs out over
SiO;, insulating layer.

current-voltage characteristics of the active arms’ p*-n~-n*

junctions typically show leakage currents in the nanoampere
range close to the = 70 V breakdown.

To test an interferometer, radiation from a single-mode
GalnAsP/InP double-heterojunction laser operating at 1.3 um
was endfired coupled into the center guide of thé input three-
guide coupler. The electric field of the input light was polar-
ized parallel to the plane of the slab. The output of the inter-
ferometer was magnified and focused on a pin-hole aperture
placed in front of a Ge photodiode. The output image could
be scanned across the pin-hole using a scanning mirror, or any
part of it could be precisely positioned on the pin-hole.

The scanned output of a recently fabricated interferometer,
with 2 mm long active arms biased near the points for maxi-
mum and minimum output in the center guide, is shown in
Fig. 4(a) and (b), respectively. The output is more symmetric
and the extinction ratio is higher than obtained on initial de-
vices [1]. Maximum output in the center guide is not ob-
tained with the same bias (typically zero) on both arms be-
cause of a built-in optical length difference between the two
arms as discussed below. The output three-guide coupler was
cleaved slightly shorter than a coupling length, resulting in a
small amount of power remaining in the outside guides when
the interferometer is biased for maximum output in the center

26

(b)

Fig. 4. Scanned output of interferometer (a) biased for a maximum
output in the center guide and (b) biased for a minimum output in
the center guide.
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Fig. 5. Output of center guide of interferometer with 2 mm long active
arms versus bias on each arm. The dc offset between the two arms
is due to a built-in optical length difference between the arms.

guides [Fig. 4(a)]. When biased near the point for minimum
output in the center guide, almost all the power is divided be-
tween the two outside guides. As can be seen in Fig. 5, which
plots the output of the center guide versus bias on each arm,
about 1.5 percent of the maximum output power remains in
the center guide at a minimum for an extinction ratio of ~18
dB. Fig. S is discussed more fully below. Losses in this inter-
ferometer are less than 2 dB greater than in a single straight
n™-n* rib guide [4]. The additional losses are due to absorp-
tion in the active arms’ p*-ribs and incomplete coupling in the
three-guide couplers. Total losses (neglecting input and output
losses at the cleaved end face) are, therefore, about 5 dB.
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As indicated in Fig. 1, these interferometers can be operated
in a push-pull configuration. For this mode of operation in an
ideal interferometer, one arm would be biased to V,/4 and the
other to 3V, /4, where V,, is the voltage difference required on
one arm of the interferometer to go from a maximum to mini-
mum output in the center guide. An ac signal v, with a peak
amplitude of V,/4 applied in a push-pull fashion as shown in
Fig. 1 would then result in 100 percent modulation. On an
actual interferometer, the actual dc biases ¥, and V, have to
be adjusted from these values to compensate for any built-in
optical length differences between the two arms. For the
interferometer discussed above there is as shown in Fig. 5, ap-
proximately a 10 V difference in bias between the two arms
for the same output, indicating a built-in phase difference of
~25°, Voltage offsets between the two arms, from only a few
volts to about 20 V, have been observed. These small optical
path differences between the two arms of the interferometers
are caused by slight differences in waveguide dimensions (in-
cluding epitaxial layer thickness) and/or carrier concentration
variations. It should be noted that built-in phase differences
of this type are also generally observed in LiNbO; interferom-
eters. In addition to the phase difference, it appears from the
data shown in Fig. 5 that the differential change in phase with
voltage of the two arms of the interferometer can also be
slightly different.

Swept-frequency measurements [8] were used to determine
the frequency response of these interferometers. For these
measurements, the interferometer was biased by means of a
bias “T” to a V, point, i.e., a point at which there is a mini-
mum in the output of the center guide, and a swept high-fre-
quency signal modulated by a 2 kHz square wave applied to
one arm of the interferometer. The output of the center guide
was detected by the photodiode and a lock-in amplifier refer-
enced to the 2 kHz square wave used to obtain a high signal-
to-noise ratio output signal. When biased to a V,, point, the
small signal optical response is proportional to the square of
that portion of the signal voltage, which actually appears
across the active arm of the interferometer V2(f). The fre-
quency response obtained from these measurements there-
fore corresponds to the electrical response of the interferom-
eter electrode structure. As shown in Fig. 6, the measured
electrical bandwidth of the interferometer (point 4A) =~2.2
GHz. Because the transfer function of the intetferometer
with applied bias is nonlinear, the electrical-to-optical small-
signal response depends on the bias point. If the interferom-
eter is biased to operate in the linear-optical range, i.e.,a V,/2
point, where the small-signal optical output is proportional
to V(f), the optical response is equal to the square root of
that obtained from the swept-frequency measurements at a
Vy point. The square root of the electrical response is there-
fore also plotted in Fig. 5. From this plot, the linear-optical
bandwidth (point B) is 3.0 GHz. (Note that this is the - 6
dB point on the electrical response curve.)

The bandwidth of these interferometers is currently limited
by parasitics. The major limiting parasitic is the resistance of
the long narrow thin (=3000 A thick) metal contacts on top
of the p*ribs. The end-to-end resistance of the metalization
on the device measured is ~60 §2. Because of this high resis-
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Fig. 6. Frequency response of interferometers obtained from swept-
frequency measurements: (O) actual data obtained with interferom-
eter biased at a V, point. (A) square root of data to show response
when biased at a linear optical response V,/2 point. The electrical
bandwidth of the interferometer electrode structure is ~2.2 GHz
(point A4), which corresponds to a linear optical bandwidth of ~3.0
GHz (point B).

tance, the active arm electrode cannot be treated as a lumped
element capacitor and must be treated as a lossy transmission
line or distributed RC circuit. In addition, the bonding pads
which run out over the SiO, insulating layer add a parasitic
capacitance of ~0.25 pF. It should be possible to significantly
reduce both of these parasitics by modifications in the fabrica-
tion procedures. Planarization of the interferometer structure
with polyimide or another iriulator, prior to contact metaliza-
tion, should significantly reduce the parasitic bonding pad
capacitance and permit thicker and possibly wider contact
metalization on top of the p*.rib which would reduce series re-
sistance. Multiple feeds could also be used to reduce series re-
sistance. With reduction of these parasitics, the linear optical
bandwidth of an interferometer with 2 mm long active arms
should increase toward the calculated maximum in a 50 £ sys-
tem of =12 GHz, where transit time limitations also become
important,

It should also be possible to reduce both the length of the
input and output three-guide coupler and the drive voltage re-
quirements by reducing the dimensions of the waveguide. The
drive voltage requirements can also be reduced somewhat by
reducing the carrier concentration of the n -epilayer, since the
p*-n~-n* diode would then operate in the punch-through mode
even at low reverse biases. For a threeguide coupler with a
slab thickness of 1.7 um, a rib height (etch depth) of 1.5 um,
and guide widths and spacings of 3.5 um, coupling lengths
should be in the range of 1.6-1.8 mm. With an n~-epilayer
concentration of ~10™ c¢cm™, V, voltages as low as ~15 V
for g mm long active arms should then be possible.

In conclusion, it has been shown that monolithic electro-
optic guided-wave interferometers in GaAs are capable of
modulation in the multigigahertz range. The measured elec-
trical bandwidth of 2.2 GHz (linear optical bandwidth of
~3.0 GHz) of these devices is presently limited by device
parasitics. It should be possible to significantly reduce these
parasitics by modifications in the contact metalization pro-
cedures. Linear optical bandwidths should then increase
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significantly and could approach the calculated maximum [2]
bandwidth in a 50 Q system of ~12 GHz for a device with
2 mm long active arms. (3]
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Surface-emitting GalnAsP/InP laser with low threshold current and high

efficiency
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A buried-heterostructure laser has been developed whose output is deflected to a direction

perpendicular to the substrate surface by a monolithically integrated 45° (parabolic) mirror. The
latter is fabricated by smoothing a chemically etched multistep structure using a mass-transport
phenomenon. The present devices show threshold current as low as 12 mA, differential quantum
efficiency as high as 47% and a surface-emitting far-field pattern with a main lobe as narrow as

1Z".

Surface-emitting lasers (i.e., diode lasers with emission
directed perpendicular to the substrate) are of considerable
interest for a variety of applications such as monolithic two-
dimensional arrays and optical interconnects for integrated
circuits. Moreover, unlike the conventional (edge-emitting)
lasers, the surface-emitting ones do not require cleaving or
dicing and are therefore potentially advantageous for batch
processing and on-wafer testing. However, previous at-
tempts for realizing surface-emitting lasers, which include
the use of a vertical cavity'? and a second-order grating,’*
have experienced difficulties and devices with good perfor-
mance have not yet been obtained. In this work, a new ap-
proach is introduced and a surface-emitting GalnAsP/InP
laser has been developed with performance comparable to
the best of the conventional edge-emitting ones.

As illustrated in Fig. 1, the surface emission is achieved
by adding an approximately parabolic mirror to a buried-
heterostructure laser with “transported mirrors.”® The
parabolic mirror is fabricated by using selective chemical
etching and mass transport in a technique very similar to
that used to fabricate the transported mirror.® In fact, both
kinds of mirrors are needed in the present device and are
fabricated at the same time as shown in Fig. 2. After a groove
has been formed by using the previously described two-step
selective chemical etching procedure® [Fig. 2(a)], the phos-
phosilicate glass (PSG) mask is partially removed on one side
of the groove. The selective chemical etching procedure is
then repeated which produces a stair structure on one side of
the groove and a nearly vertical profile on the other side, as
shown in Fig. 2(b). For easier control of the etched profile, a
GalnAsP etch-stop layer®is often used as indicated in Fig. 2.
After etching, the wafer is then stripped of the PSG and
loaded into a furnace system for mass transport®’ at a tem-
perature of 690-740 °C in an H, and PH, atmosphere, in
order to form a nearly parabolic mirror out of the stair struc-
ture and a transported mirror out of the nearly vertical pro-
file [Fig. 2(c)].

A mirror profile which exactly follows the parabola
[the dotted curve in Fig. 2(c)] with its focus near the buried-
heterostructure laser output is expected to reduce the laser
beam divergence. In order to achieve this desired profile, we
have designed the stair structure such that regions I, II, I1I,
and IV between the parabola and the stair structure have
approximately equal areas, as illustrated in Fig. 2(c). With
the parabola expressed as y = x?/2a, it can be verified direct-
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ly by integration that the equal-area requirement is fulfilled
to within 3% (for € < 0.13) by using

t, = (2+%—3§€)0,

t, = (24— ¥ —ge)o,
and

s=(2+3%€+8€)0,
where ¢,, 1,, 5, 0, and a are defined in Fig. 2 and e=0/2a.
Note that this simplified analysis has ignored the rounded
edges generally observed on actual mirrors [see Fig. 3(b) be-
low].

Figure 3 shows optical micrographs of the cross-sec-
tional view of a wafer before and after the mass transport. It
has been found that mass-transport temperatures higher
than those previously used’*® are necessary to smooth out
larger stair structures. Nevertheless, the wafer surface re-
mains mirror-smooth without a sign of degradation after
mass transport at temperatures up to 740 °C, the highest
used in this work. Mirror profiles close to the desired para-
bolic shape have been obtained for the stair structures which
follow the design rule described in the previous paragraph.
In contrast, large deviations from the design result in mirror
profiles of markedly different curvatures or angles. To main-
tain the mirror to within + 5° of the desired 45° angle, for
example, the deviation of s from the optimum value must be
less than an estimated + 0.5 um. (This estimation has been
made for the present mirror size by using the above-men-
tioned equal-area requirement.)

After the mirrors have been formed, the wafer is metal-

Au/In CONTACTY

\
GalinAsP

ACTIVE REGION Au/Sn CONTACT

-

~ -
45 MIRROR _ -
{Au-Coating Not Shown) - =~

FIG. 1. Schematic cut-away view of the surface-emitting GalnAsP/InP la-
ser. This device consists of a buried-heterostructure laser with a monolithi-
cally integrated 45° (parabolic) mirror.
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FIG. 2. Simultaneous fabrication of the parabolic and transported mirrors
The dotted curve in part (c) is a parabola with its focus at F.

lized by using the previously described procedure,®’ except
that instead of sputtering, the Ti and Au layers are deposited
by using angle evaporations in order to avoid coating the
front transported mirror (the one facing the parabolic mir-
ror). Note that the laser resonator as shown in Fig. 1 consists
of two transported mirrors and no cleaved mirror is used.
After fabrication, the rear transported mirror is coated by
PSG/Au layers, while the front one is only covered by the
PSG of an estimated 0.17-um thickness.

(b)

FIG. 3. Optical micrographs of the etched structures from wafers 693: (a)
before and (b) after the mass transport. The GalnAsP layers have been
stained and appear as dark lines in these photographs. In this wafer, the
mass transport has been carried out at 740 °C.
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FIG. 4. Characteristics of the surface-emitting lasers: (a) light output vs
current and (b) far-field pattern. The lasers are mounted p side up on copper
heat sinks as indicated in the insert in part {a).

Surface-emitting lasers with low threshold current and
high efficiency have been obtained with good yield. For ex-
ample, 70% of the 26 devices tested without preselection
from wafer 685 show pulsed threshold currents of 12-18
mA. The active region dimensions measured on this wafer
are 0.20-um thickness, 1.1-2.0-um width, and 157-um
length (the distance between the transported mirrors). Four
devices have been mounted p side up on copper heat sinks
and all show room-temperature cw operation (with no in-
crease in threshold current) and very similar surface-emit-
ting far-field patterns. Figure 4(a) shows a cw light-output
versus current characteristic in which an initial differential
quantum efficiency of 47% is seen.

A far-field pattern is shown in Fig. 4(b) in which a main
lobe of 15° angular width is seen. Other devices show the
angular widths as small as 12°. These far-field patterns are
considerably narrower than the corresponding ones of the
conventional edge-emitting lasers (typically >30°, see, for
example, Refs. 9-13) and are close to the diffraction-limited
angular width estimate from the present parabolic mirror
size. (In wafer 685 the parabolic mirrors are made from a
stair structure with ¢, of 2.7 um, ¢, of 2.2 um, and s of 2.5
pm.) The present far-field patterns typically show =5° de-
viations from the exact vertical direction and could be im-
proved by a more precise control of the stair structure. Some
of the side lobes seen in Fig. 4(b), especially the one at large
angle, are possibly due to light scattered off the rounded
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edges of the parabolic mirror and light that escapes the para-
bolic mirror due to the large beam divergence of the buried-
heterostructure laser output. One solution to these problems
is to use a larger parabolic mirror. The latter is desired also
for achieving a still narrower diffraction-limited beam.
However, further experiments with thicker cap layers and
higher mass-transport temperatures are needed for the suc-
cessful fabrication of larger parabolic mirrors.

An essentially single-longitudinal-mode operation
within an approximately 10-mA current range has been ob-
served. At 30 mA the device of Fig. 4(b) shows at 4 = 1.3393
4m a dominant mode greater than 125 times the side modes
whichare 15 A spaced. This degree of mode purity was never
observed in our previously reported buried-heterostructure
lasers®® and can possibly be attributed to the fact that the
present devices have a relatively short cavity, a heavier p
doping, one mirror reflectively coated and the other (moder-
ately) antireflectively coated.'*'*

It should be noted that the present surface-emitting la-
sers have all mirrors fabricated by the mass-transport tech-
nique and show encouragingly low threshold and high effi-
ciency comparable to the best of the conventional
cleaved-mirror edge-emitting lasers (see, for example, Refs.
8, 12, and 13). Moreover, these device characteristics are
obtained even though the wafers have been subjected to con-
siderably higher temperatures than used before for mass
transport. A potential problem is Zn diffusion away from the
heavily doped cap layer. Although a recent depth-profiling
study'® on a sample heated to 690 °C showed no appreciable
Zn diffusion, more experiments are needed to fully investi-
gate the situation at the still higher temperatures used in this
work. Finally, as mentioned above, mirrors capable of de-
flecting the laser beam to other prescribed directions can be
fabricated by using the present technique but with different
designs of the stair structure.

In conclusion, a surface-emitting GalnAsP/InP laser
has been developed and is the first such laser with perfor-
mance as good as the conventional edge-emitting ones. The
availability of good surface-emitting diode lasers is very
promising for a wide variety of new applications in integrat-
ed optoelectronics. In addition, the present laser is the first
one in which all mirrors are fabricated by chemical etching
and mass transport and is attractive for large-scale produc-
tion purposes.
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A novel GalnAsP/InP distributed feedback laser
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GalnAsP/InP distributed feedback lasers have been fabricated with a simple new design in which
the grating is etched into the top of a mass-transported buried heterostructure. Single-frequency
operation with sidemodes lower than — 32 dB and threshold currents as low as 16 mA have been

achieved.

Recently, considerable effort has been devoted to the
development of GalnAsP/InP distributed feedback (DFB)
lasers for use as stable single-frequency sources in fiber optic
communications and has resulted in devices with good per-
formance.'-® However, fabrication of these devices has been
rather involved, requiring up to three epitaxial growth runs
and a waveguide with four or more layers in which the thick-
ness of each layer has to be correctly adjusted. In this work,
we describe a novel device design which offers high perfor-
mance and considerable fabrication simplicity.

As illustrated in Fig. 1, the present device consists of a
mass-transported buried heterostructure'®'' with a thin p-
InP cap layer and a wide mesa on which a grating corruga-
tion is etched in the middle with Au/Zn alloyed contacts
formed on each side. Sufficient coupling between the guided
mode and the grating corrugation occurs if the InP cap layer
is approximately 1 um in thickness. The Au/Zn alloyed con-
tacts are formed on the sides in order to avoid interactions
with the guided mode.

The device fabrication starts with a liquid phase epitax-
ially grown GalnAsP/InP double heterostructure wafer
(with an active layer of 0.16 um in thickness) similar to those
used previously'®'' except that the InP cap layer (doped to
p=5x%10"" cm~?) is only 1.0 + 0.2 um in thickness. The
buried heterostructure (with an active region width no
greater than approximately 2 um) is formed using a pre-
viously described chemical etching and mass-transport pro-
cedure.'®!" Then, the first-order grating corrugation with a
periodicity of 2028 A and tooth height of approximately
2500 A is formed by using contact x-ray lithography'? (with
a holographically generated mask pattern) and ion-beam-
assisted etching using chlorine gas.'* The wafer is subse-
quently coated with a phosphosilicate glass (PSG) layer of
0.4-um thickness (not shown in Fig. 1) and a pair of stripe
openings is defined in the PSG on top of the laser mesa by
photolithography and chemical etching. Au/Zn alloyed
contacts are then formed in these openings. (No openings are
made in regions designed for the unpumped sections.) The
rest of the metallization and dicing procedures are similar to
those described previously.'® Each finished device has a
cleaved front facet where the output power is measured. The
rear end is either cleaved or saw cut. The devices are first
tested for their pulsed threshold currents and then mounted
p side up on copper heatsinks for cw operation and spectral
examination.

Devices fabricated with a relatively long cavity (546 and
241 um for pumped and unpumped sections, respectively)

* Present address: Lasertron, Inc., Burlington, Massachusetts.
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and saw-cut rear end show room-temperature pulsed thresh-
old currents as low as 16 mA. Figure 2 shows cw emission
spectra of a device just above its lasing threshold. As evident
in Fig. 2(a), the dominant lasing mode with a wavelength of
1.3098 um is located on the shorter-wavelength side of the
apparent spontaneous emission spectrum and is a strong in-
dication that the device is lasing in a DFB mode, since the
Fabry-Perot modes should be located on the other side of
the spontaneous spectrum where the gain maximum occurs.
This is confirmed by the Fabry-Perot mode operation at
wavelengths of 1.33-1.34 um observed in shorter devices
cleaved from the same wafer but without the unpumped sec-
tion and saw-cut end, as indicated in Fig. 2(a). (Since the
present DFB resonance wavelength is approximately 260 A
away from the gain maximum, the Fabry-Perot mode can
have a lower threshold current in devices without the un-
pumped section and saw-cut end.) Figure 2(b) shows a simi-
lar spectrum at 10.6 °C and on different scales. Note the
threshold current drops to 31 mA. The series of peaks are
likely the DFB modes with the dominant one just outside the
stop band.'?

At higher currents, the dominant mode continues to
grow, and the other DFB modes are at — 37 dB when the
current is 60 mA (which is approximately 1.54 times the
threshold current / ;. ) as shown in Fig. 3. However, a pair of
modes of unknown origin with a — 32 dB intensity is ob-
served at + 50 A of the dominant DFB mode as evident in
Fig. 3. :

Shorter devices with smaller unpumped sections and
both ends cleaved show room-temperature cw threshold
currents as low as 13.5 mA but with more complicated mode
behaviors. A device with pumped and unpumped sections of
318 and 152 um, respectively, showed a cw threshold cur-
rent of 16 mA at room temperature and single-frequency

CORRUGATION

~ UNPUMPED SECTION

GIINAIP/
ACTIVE REGION

\, )
@ n-inP

SUBSTRATE
CLEAVED MIRROR |
| Au’'Sn CONTACT

FIG. 1. Schematic drawing of the present GalnAsP/InP distributed feed-
back laser.
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operation (with sidemodes estimated at — 30 dB) up to at
least 2.57,, (with an output power of 2.8 mW) but with a
mode hop from 4 = 1.3054 to 1.3092 um at 1.6/ ,,,. Other
devices with little or no unpumped sections lase in Fabry—
Perot modes in the spectral region of 1.33-1.34 um but still
show considerably better mode purity than similar devices
fabricated without the grating. (The latter also lase at wave-
lengths of 1.33-1.34 ym.)

The long devices with unpumped sections and saw-cut
rear ends clearly show that good DFB lasers can be obtained
with the present new design, even though the DFB reso-
nance wavelength is some 260 A away from the gain maxi-
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FIG. 3. Emission spectra of the device at 20.6 °C and two different currents
above threshold. Note that at / = 1.54],, the sidemodes are lower than
—32dB.
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mum. In fact, the 16-mA threshold current achieved in this
work is already comparable to the lowest reported to date for
the DFB diode lasers.? Still lower threshold currents can
possibly be achieved when the DFB resonance wavelength
and the gain maximum are better matched. Furthermore, it
is worth noting that the present device is considerably
simpler than more conventional ones'~? in terms of the wave-
guide and current-confinement structures and fabrication
procedures. In particular, the grating is fabricated after the
wafer growth is completed. This not only avoids the prob-
lems associated with growth over the grating'*"'® but also
allows the wafer to be more thoroughly characterized before
the grating is fabricated. To our knowledge, the present de-
vice is the first DFB laser of III-V compound semiconduc-
tors fabricated with grating placed on top of the cap layer,
although a similar configuration has previously been used in
a IV-VI laser."’

One potential problem of the present device is a possible
leakage current I, flowing through the InP pn homojunc-
tions in the transported regions.'' {The homojuctions are
illustrated as dashed line segments in Fig. 1.) This current
leakage has previously been analyzed for other mass-trans-
ported buried-heterostructure lasers and has been shown to
be capable of causing a saturation of light output at high
current.'' A similar analysis has been carried out for the
present structure, '® in which the current J, flowing from the
Au/Zn contacts to the quaternary active region and the cor-
responding voltage distribution are modeled by using a con-
formal mapping technique, as illustrated in Fig. 4. This anal-
ysis yields the forward-bias voltage along the homojunctions
which can in turn be used to estimate /,, . For small values of
I, the calculated 7, is negligible, but its importance grows
with increasing I, . The value of /, when I, = 0.1/, is de-
signated as /, and has been calculated for various device
parameters, ¢.g., /, = 74 mA is obtained for the device of
Fig. 4. I, can be increased considerably by using a higher p
doping, narrower transported regions, a closer alignment of
the Zn-diffused p* regions to the quaternary, or a larger
pumped-section length. It is worth noting that, if the device
were fabricated with an n-type mesa on a p-type substrate,
there would be negligible voltage buildup due to high con-
ductivity of n-type InP. However, the p doping on the sub-
strate side would need optimization in order to enable very
high current operation.

In conclusion, a GalnAsP/InP DFB laser has been re-
alized in a simple new design in which the grating is fabri-
cated on top of a mass-transported buried heterostructure.

p*1 % 10" em? 1 pm
PUMPED SECTION = 300 um — In-DIFFUSED REGION >
CURRENT = 50 mA s /

Au/Zn CONTACT
)

ACTIVE REGION ~
V = 0.0 Voit IN n.inP BUFFER LAYER

FIG. 4. Calculated current and voltage distributions near the active region
in the present structure. The dashed curves are the streamlines of the cur-
rent flowing into the active region. The solid curves are the equipotentials
with the numbers labeling the voltage values in volts. This analysis helps
design the device for operation without significant current leakage through
the InP pn homojunctions (by keeping the voltages sufficiently low).

Liau et a/. 222




Threshold currents as low as 16 mA have been obtained, and
still lower threshold current can possibly be achieved when
the DFB resonance wavelength and the gain maximum are
better matched. Further optimization of the doping scheme,
the transported region width, and ohmic contact alignment
is needed for high-power capability.
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Single-Mode Optical Waveguides and Phase Modulators in the
InP Material System

J. P. DONNELLY, N. L. DEMEO, F. J. LEONBERGER, S. H.

GROVES,

P. VOHL, anp F. J. O'DONNELL

Abstract—The characteristics of several different single-mode optical
waveguides in the InP material system are discussed. Slab-coupled rib
waveguides in GalnAsP (A\,,, = 1 um) epitaxial layers grown on InP
have shown propagation losses as low as 1.7 cm ™' at 1.3 um and 2.7
cm™'at 1.15 um. Oxide-confined InP rib guides fabricated using a lateral
overgrowth technique have losses of about 1.5 cm ™' at 1.15 um. Three-
guide couplers have been made by fabricating three parallel oxide-
confined guides in close proximity. InP p*-n-n" guides capable of
modulating TE-polarized radiation have been fabricated using epitaxial
techniques and Be-ion implantation. By measuring the phase difference
between the TE-like and TM-like modes as a function of applied volt-
age, an estimate of the r,, electrooptic coefficient in InP at 1.3 um that
is in good agreement with a previously reported value was obtained.
Guides of this type should find use as the active components in InP
switches and interferometers.

BOTH low-loss, single-mode optical waveguides and
waveguides in which the effective index can be mod-
ulated via the electrooptic effect are necessary compo-
nents of semiconductorintegrated-optic couplers, switches,
and modulators [1]-[13]. There is much current interest
in developing such devices in the InP material system be-
cause of their compatibility with 1.3-1.5 um sources. In
this paper, the characteristics of several different single-
mode rib waveguides fabricated in the InP material system
are presented. These include GalnAsP slab-coupled rib
waveguides, oxide-confined InP rib guides, and p*-n-n*
InP rib guides capable of phase modulating TE polarized
radiation.

Single-mode GalnAsP rib waveguides, as shown sche-
matically in the insert in Fig. 1, were fabricated in n-type
Gag g4Ing 96Asg 10P0.g0 layers (A, = 1 um) grown by lig-
uid phase epitaxy (LPE) on Fe-doped InP substrates of
(100) orientation. A special pregrowth baking procedure
was used to reduce the background carrier concentration
and thus minimize optical loss [14]. The net carrier con-
centration in the grown layer was in the (2-5) % 10" cm™3
range, with mobilities at room temperature and 77 K of
~4500 and 25 000 cm?/V - s, respectively. The wave-
guides, which were formed by standard photolithographic
and wet-chemical techniques, were oriented for propaga-

Manuscript received December 11, 1984; revised April 2, 1985. This
work was supported by the Department of the Air Force.
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Fig. 1. Transmission versus length for single-mode GalnAsP rib wave-
guides.

tion in an (011) direction. The quaternary layer thickness
was typically 2.5 + 0.2 um. The guide width and etch
depth were chosen to give single-mode operation [15].
Typical guide dimensions are shown in Fig. 1. To deter-
mine the propagation loss, transmission through several
different lengths of the same sample was measured for a
number of guides using an end-fired coupling technique.
As shown in Fig. 1, single-mode losses as low as 1.7 cm ™'
at 1.3 um and 2.7 cm™' at 1.15 pm have been measured
for both TE and TM polarization. Band tailing in the qua-
ternary layer and/or rib-edge roughness could be respon-
sible for the higher loss at 1.15 um. The losses at 1.3 um
are comparable to those obtained by Bornholdt er al. [16]
but somewhat higher than the 4 dB/cm (=1 cm™') ob-
tained by Fujiwara er al. [17] using a double-heterojunc-
tion waveguide. The latter result may indicate that rib-
edge roughness is responsible for a significant portion of
the loss in the rib-guides reported in this paper.
Single-mode rib waveguides of a second type, as shown
schematically in Fig. 2, were fabricated in epitaxial InP
layers grown over oxide-coated InP substrates. To form
these oxide-defined InP guides, a (100) n*-InP substrate
was coated with 0.3 um of phosphosilicate glass (PSG),
stripe openings were etched in the PSG, and an InP layer
was grown by vapor phase epitaxy, using the InP-PCl;-H,
process. For the reasons discussed below, the stripe open-
ings were oriented at an angle of 30° to the [011] direction
in the plane of the substrate surface. Under the experi-
mental conditions employed, a single-crystal layer with the
same orientation as the substrate was obtained because
nucleation occurred only where the substrate was exposed

0018-9197/85/0800-1147$01.00 © IEEE
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Fig. 2. Schematic drawing of InP oxide-confined guides formed on a wafer in which the angle of the phosphosilicate glass (PSG)
stripe openings is optimized for continuous growth and the guides are oriented normal to a cleavage plane.

within the stripe openings. This was followed by lateral
growth over the intervening oxide stripes until the growth
originating within adjacent stripe openings merged to form
a continuous layer, after which vertical growth took place
in the usual manner until the layer reached the desired
thickness [18]. The InP epitaxial layer was n-type with a
carrier concentration in the low 10" cm™? range. Photo-
lithographic and wet-chemical etching techniques were
then used to fabricate ribs oriented normal to the (011)
cleavage plane, and waveguides of the desired length were
prepared by cleaving the epitaxial layer and the substrate.
As shown in Fig. 2, each guide crossed a large number of
the 30° stripe openings in the PSG.

The propagation loss of the oxide-defined InP wave-
guides was measured by determining the transmission of
several different lengths of the same sample. The loss
measured at 1.15 gm for TE polarization was 1.5 cm™' for
9 um wide guides etched 1 um deep in a 5 um thick InP
layer grown over a PSG film with 3 um wide stripe open-
ings spaced at intervals of 50 um. Although large, these
guides appeared to be single-moded, which is in agree-
ment with Marcatili’s slab-coupled waveguide theory [15].
One of the lowest losses so far reported for single-mode
semiconductor waveguides, 0.5 cm ™" at 1.06 um, has been
obtained for oxide-defined GaAs rib guides also fabricated
in epitaxial layers prepared by lateral overgrowth on ox-
ide-coated (100) substrates [19]. In contrast to the InP
waveguides, the GaAs guides were parallel to the stripe
openings in the oxide, which were formed at an angle of
~ 10° to the [011] direction. For angles in the 10° range,
the ratio of lateral to vertical growth rates is only about
one-third as high for InP as for GaAs. The reduction in
this ratio results in a corresponding reduction in the max-
imum width of oxide stripes over which continuous InP
layers thin enough for fabricating single-mode waveguides
can be grown. For practical integrated optics applications,
however, the oxide stripes should be as wide as possible.
In order to increase the maximum permitted stripe width,
the angle chosen for InP overgrowth was 30°, which gives
the highest ratio of lateral to vertical growth for (100) InP
substrates. The rib guides were oriented normal to the

(011) plane to allow end-fired coupling into cleaved faces.
Although each guide therefore crosses many stripe open-
ings, the low overall loss measured for the guides shows
that the loss per opening was extremely low.

Three-guide couplers were made by fabricating three
parallel oxide-confined InP rib guides in close proximity
[20] on a 4.5 um thick epitaxial layer grown over oxide
stripes as described above for the single guides. These de-
vices had 5 um wide guides separated by S um and were
etched to 0.8 um deep. The coupling length, defined as
the length necessary for power input to the center guide
to be equally divided between the two outside guides, was
determined by measuring the relative power in the three
guides for several sample lengths. The coupling length at
1.3 um for TE polarization was found to be ~64 mm. A
photomicrograph of the output face of a device cleaved to
this length is shown in Fig. 3 along with a photograph of
the near-field output intensity pattern. Here 95 percent of
the input power has been transferred equally to the outside
guides.

In addition to being used for the formation of oxide-
defined InP rib waveguides, the lateral growth of InP over
oxide was also employed for the fabrication of inverted rib
waveguides. Fig. 4 is a photomicrograph of the cleaved
end of such a guide. To form these inverted guides, a (100)
InP substrate was etched to form grooves oriented at an
angle of 10° to the [011] direction in the plane of the sur-
face. The substrate was coated with SiO,, and a stripe
opening also oriented at 10° was etched in the SiO, be-
tween each pair of grooves. The angle of 10° was selected
to obtain the best compromise between maximizing the
oxide stripe width and minimizing the angle between the
waveguides and the cleaved face for end-fired coupling.
An InP layer was then grown by vapor phase epitaxy, using
the InP-PCl3-H; process. Nucleation again occurred only
where the substrate was exposed within the stripe open-
ings, after which lateral growth took place over the
oxide and down into the grooves. After the growths
from the two sides of each groove merged to form a con-
tinuous layer over the SiO,, vertical growth took place un-
til the grooves were filled and a planar InP layer of the
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(b)

Fig. 3. (a) Photomicrograph of output face of InP oxide-confined three-
guide coupler. The oxide film under the guiding layer is visible. (b) Pho-
tograph of near-field output intensity pattern obtained when light was
incident on the center guide: 95 percent of the light has coupled to the

outside guides

EPITAXIAL LAYER

InP SUBSTRATE

10 pm-—

Fig. 4. Photomicrograph of oxide-confined single-mode InP optical wave-
guide with planar inverted rib structure.

desired thickness was formed. Finally, the end faces were
formed by cleaving. Although guiding was obtained, it was
not sufficiently single-moded to permit reliable loss mea-
surements.

Waveguide modulators were formed by fabricating InP
rib waveguides incorporating a p-n junction capable of
being reverse-biased. A schematic cross section of a sin-
gle-mode p*-n-n* slab-coupled rib waveguide is shown in
Fig. 5. The InP wafer used to fabricate these waveguides
consisted of a (100) oriented n*-substrate and a 5.5 um
thick n-type layer with a carrier concentration of =2 X
10'® cm~* grown by liquid phase epitaxy. To form the p*
ribs, the wafer was implanted with a multienergy Be im-
plant schedule and annealed at 750°C, which produced a
1.5 um deep p* layer with a uniform carrier concentration
of =2 x 10'"® cm™ [21]. The junction depth obtained by

implantation is uniform across a sample and reproducible
from wafer to wafer. Rib waveguides approximately 5 um
wide were formed by etching through the p* implanted
layer into the n epitaxial layer to a total depth of about 2
pm. The waveguides were oriented for propagation along
an (017) direction. An SiO, layer was deposited on top of
the wafer, and Au/Mg and Au/Sn ohmic contacts were ap-
plied to the p* ribs and the back of the n* substrate, re-
spectively. The input and output faces of the waveguide
were then cleaved. These p*-n-n* InP waveguides are
similar to GaAs waveguides recently used in a high-fre-
quency interferometer [13], [22]. Although surface leak-
age currents are more of a problem in these p*-n InP
diodes than in similar GaAs diodes, their reverse leakage
current is typically well below 1 pA at 25 V, as shown in
Fig. 6. Above 25 V, breakdowns were soft and varied from
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Fig. 5. Schematic of single-mode p*-n-n* InP slab-coupled rib waveguide.

Fig. 6. Current-voltage characteristics of p*-n-n" InP slab-coupled rib
waveguide.

waveguide to waveguide, but at least 40 V reverse bias
could be applied to all of the waveguides tested. These
already good current-voltage characteristics should be
improved by Si;N, or polyimide passivation, which has
greatly reduced leakage in InP photodiodes [23], [24].

To determine the modulation characteristics of a wave-
guide, radiation from a single-mode GalnAsP/InP double-
heterojunction laser operating at 1.3 pum was passed
through a polarizer and end-fired coupled into the cleaved
end-face of the waveguide. The input radiation was polar-
ized (nominally at 45° to the perpendicular) so that ap-
proximately equal amounts of TE-like and TM-like radia-
tion were excited in the guide. The output of the waveguide
was passed through an analyzer and focused on a Ge pho-
todiode.

Fig. 7 shows the relative outputs of a 5 mm long wave-
guide versus reverse bias on the p*-n junction with the
analyzer either parallel or perpendicular to the input po-
larization. Both curves approximate an offset cosine func-
tion of applied voltage. The maximum output with the
analyzer parallel to the input polarization (minimum out-
put with the analyzer perpendicular to the input polariza-
tion) does not occur at zero bias, because at low fields the
velocity of the TE-like mode is slower than that of the TM-
like mode. Reverse biasing the p*-n junction changes the
refractive index in the plane of the junction, i.e., the (011)
direction, but leaves the index perpendicular to the plane
of the junction, i.e., the (100) direction, unaffected [25],
[26]. The velocity of the TE-like mode, therefore, varies
with reverse bias, while that of the TM-like mode is, at
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Fig. 7. Relative output versus reverse bias of 5 mm long p*-n-n* InP slab-
coupled rib waveguide with equal amounts of TE-like and TM-like ra-
diation excited at the input and an output analyzer parallel and perpen-
dicular to the input polarization.

least to first order, not affected. This resuits in a change in
phase of the TE-like mode relative to that of the TM-like
mode at the output face, and produces the observed vari-
ation in relative output. The extinction ratio is about 16.5
dB. This relatively low value is most likely due to either
slightly different amounts of TE- and TM-like radiation
being initially excited in the guide or different mode
losses, or both. Extinction ratios in couplers and interfer-
ometers, where only TE-like radiation is excited, should
be considerably higher.

A voltage difference of about 25 V is required to pro-
duce a w-phase shift in the TE-like mode, i.e., to go from
a maximum to a minimum in the relative output of either
curve shown in Fig. 7. Using simple approximations for
both the electric field shape in the p-n junction and the
field shape of the TE-like optical mode, a rough estimate
of =1.5 x 107'° cm/V for the electrooptic coefficient r,,
was obtained from the measured voltage difference. This
value is in remarkedly good agreement with the stress-free
and strain-free r,, values of 1.53 x 10™'and 1.59 x 107"
cm/V, respectively reported for InP at 1.306 um by Suzuki
and Tada [27]. In the present devices, however, in addition
to the linear electrooptic effect, higher order effects, such
as the quadradic electrooptic effect [28], may be playing
a role in these devices, since the curves in Fig. 7 are not
significantly more spread out at lower voltages than at
higher voltages, where the overlap between the electric
field and the optical field should be better.

The capacitance of these 5 mm long devices at a reverse
bias of 20 V was about 2.5 pF. If the carrier concentration
of the n epitaxial layer were reduced to less than 10" cm™3,
the p*-n-n* jucntion would operate entirely in the punch-
through mode. The capacitance would then be lower by at
least a factor of 2 and vary less with applied voltage. In
addition, the drive voltage required for a change in phase
of = (180°) would decrease because of an increased over-
lap of the electric field with the optical mode. Although
these waveguides were made relatively thick to permit eas-
ier excitation of equal amounts of the TE and TM modes,
drive voltage requirements on switches or modulators
could be reduced further by decreasing the epitaxial layer
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thickness to <4 um. A tradeoff between length and drive
voltages is also possible. While the propagation loss of
these guides was not measured in detail, a comparison of
their transmission to that of guides of similar dimensions
with known loss coefficients indicates the loss per unit
length at 1.3 um is on the order of 1.5-2.0 cm™'.

In summary, several different types of InP and GalnAsP
single-mode rib waveguides have been fabricated and eval-
uated. Slab-coupled rib waveguides fabricated in GalnAsP
(Agap = 1 um) layers grown on InP have shown losses of
1.7cm™" at 1.3 um and 2.7 cm™! at 1.15 gm. Oxide-con-
fined InP waveguides and three-guide couplers have been
fabricated by using a lateral overgrowth technique. These
guides have losses of about 1.5 cm™! at 1.15 um. In ad-
dition, InP single-mode p*-n-n* slab-coupled rib wave-
guides capable of phase modulating TE-polarized radia-
tion have been fabricated by using Be-ion implantation.
Waveguides of this type should prove useful in inte-
grated optic two-guide coupler switches and interfero-
metric modulators.
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